Corrosion of High Purity Copper in Solutions Containing NaCl, Na2SO4 and NaHCO3 at Different Temperatures  by Ochoa, Maité et al.
 Procedia Materials Science  9 ( 2015 )  460 – 468 
Available online at www.sciencedirect.com
2211-8128 © 2015 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
Peer-review under responsibility of the Scientifi c Committee of SAM–CONAMET 2014 
doi: 10.1016/j.mspro.2015.05.017 
ScienceDirect
International Congress of Science and Technology of Metallurgy and Materials, SAM – 
CONAMET 2014 
Corrosion of high purity copper in solutions containing NaCl, 
Na2SO4 and NaHCO3 at different temperatures 
Maité Ochoaa,*, Martín A. Rodríguezb, Silvia B. Farinac 
aComisión Nacional de Energía Atómica - Instituto Sabato, Univ. de San Martín, San Martín (1650), Argentina  
bComisión Nacional de Energía Atómica - CONICET- Instituto Sabato, Univ. de San Martín, San Martín (1650), Argentina 
cComisión Nacional de Energía Atómica - CONICET - Univ. de San Martín, San Martín (1650), Argentina 
Abstract 
Oxygen free copper is one of the candidate materials for the design of high level radioactive waste containers, due to its excellent 
resistance to generalized and localized corrosion in aqueous electrolytes; particularly in reducing environments as the ones 
expected in the repository site. 
The aim of this work is to contribute to determine the material durability from the corrosion point of view. To this purpose the 
anodic behavior of copper was studied in solutions with different electrolytes of interest for being present in groundwaters that 
might be in contact with the containers. The research program began with the study of corrosion susceptibility in chloride 
solutions, one of the main aggressive species to corrosion, and continued with the study of the behavior of copper in solutions 
with sulfate and bicarbonate, which are also present in the groundwaters that might be in contact with the repository. The 
corrosion potential was monitored and anodic polarization curves were performed varying the temperature and the concentration 
of ions in deaerated solutions of chloride, sulfate and bicarbonate. The study was complemented with microscopic observations 
of the corrosive attack and compositional determinations using Energy Dispersive Microanalysis (EDS). 
Preliminary results showed the aggressiveness of chloride ions: the corrosion potential decreased with the ion concentration and 
with temperature. The current density increased both with temperature and with chloride concentration. A breakdown potential 
was observed under certain conditions. Corrosion products showed a composition of 30 wt% Cl and 70 wt% Cu. In sulfate 
containing solutions, the corrosion potential decreased with temperature but increased slightly with the ion concentration, 
whereas the current density increased with temperature and it was not significantly affected by the concentration. A breakdown 
potential was identified, which decreased with temperature and increased with sulfate concentration. In bicarbonate containing 
solutions, the corrosion potential decreased clearly with temperature and slightly with concentration. Different characteristics 
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were observed in the curves: current densities were lower than in sulfate containing solutions and an anodic peak appeared under 
certain conditions. 
© 2015 The Authors. Published by Elsevier Ltd. 
Peer-review under responsibility of the Scientific Committee of SAM– CONAMET 2014. 
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1. Introduction 
Most countries that plan the final disposition of the High Level Radioactive Waste (HLRW) have not yet decided 
on the metallic engineered barriers to be used in the repository. However, there are several candidates under study: 
Ni alloys (United States model), stainless and carbon steels (French, Belgium and most of European models), Ti 
alloys (Japanese and Canadian models) and Cu (Canadian, Swedish and Finnish models) as reported by Bennett et 
al. (2008), Rosborg et al. (2008), Hedman et al. (2002), King et al. (2013), King et al. (2001) and Gubner et al. 
(2007). In Argentina, some materials, mostly Ni alloys, have been studied in the last years by Zadorozne et al. 
(2012). 
The aim of this work is contribute to determine the durability of copper, given that deep geological repositories of 
HLRW are designed to ensure the protection of the environment for periods of hundreds of thousands years. The 
chosen material is pure copper with oxygen content below 5 ppm, to minimize segregation at grain boundaries, and 
doped with phosphorus, to increase creep resistance, as reported by Sandström et al. (2007). Unlike other metals that 
are passivated and show low corrosion rates, copper alter from a state of thermodynamic immunity in the absence of 
oxygen, to a state of corrosion in its presence. Consequently, copper is suitable as an engineered barrier for 
repositories located below the water table where oxygen is absent after an initial aerobic stage, according with 
Bojinov et al. (2010). 
As a first step in a more general analysis the effects of chloride, sulfate, bicarbonate and temperature on the 
corrosion behavior of copper are evaluated, considering concentration ranges equal or greater than those present in 
groundwater that might be in contact with the repository according with King et al. (2001) and King et al. (2010). 
Taking into consideration that the presence of radioactive material, which will decay with time, will increase 
temperature, a range of temperatures from 30°C to 90°C was studied. To this purpose the corrosion potential was 
determined and anodic polarization curves were performed in NaCl, Na2SO4 and NaHCO3 deaerated solutions 
varying the concentration from 0.01 to 1 mol/L for chloride and sulfate, and from 0.001 to 0.1 mol/L for bicarbonate. 
The analysis was complemented with microscopic observations of the type of corrosive attack, as well as 
determinations of the eventual corrosion products formed using Energy-Dispersive X-ray Analysis. 
2. Experimental Method 
2.1. Materials 
The samples used were sheets of Cu (1u1.6u0.4 cm3) with a small hole to allow the electric contact. Prior to the 
tests, the surfaces of the samples exposed to the solution were polished with emery papers (#200 to #600), degreased 
with acetone and dried with hot air. Electric contact was made with a copper wire and the samples were covered 
with an epoxy resin, leaving an exposed area of about 1 cm2. 
2.2. Solutions 
The solutions used were aqueous deaerated solutions of NaCl, in concentrations of 1, 0.1 and 0.01 mol/L; Na2SO4 
in concentrations of 1, 0.1 and 0.01 mol/L and NaHCO3 in concentrations of 0.1, 0.01 and 0.001 mol/L, prepared 
with analytical graGHUHDJHQWVDQGKLJKSXULW\ZDWHU0ȍFP:RUNLQJWHPSHUDWXUHVZHUHDQG&7KH
solutions were deaerated with nitrogen, prepurified according to Gilroy et al. (1962), and after a 1 h deaeration 
period the electrochemical tests were performed. 
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2.3. Electrochemical Techniques 
The evolution of the corrosion potential (Ecorr) was followed and polarization curves were performed in all the 
solutions, at the three temperatures mentioned above. A conventional three-electrode glass cell with a capacity of 80 
cm3 was used. The cell has an extern jacket that allows water circulation from a thermostatized bath to ensure a 
constant working temperature. Electrode potentials were measured through a Luggin capillary with a Ag/AgCl 
reference electrode (0.220V vs SHE, standard hydrogen electrode) for NaCl solutions and with a Saturated Sulfate 
Electrode (SSE), (Hg/Hg2SO4 0.640V vs SHE) for Na2SO4and NaHCO3 solutions.  
After the immersion of the samples in the solution, the evolution of Ecorr was measured for 1 h, allowing the 
material to reach a stationary state. Then, anodic polarization curves were potentiodynamically measured starting 
from Ecorr at a scanning rate of 0.2 mV.s-1 in the anodic direction until the current density reached a value of 0.001 
A.cm-2, or the potential reached a high value (1 VAg/AgCl for chloride and 1.5 VSSE for sulfate and bicarbonate). Then, 
the potential scanning was reversed towards cathodic potentials until the curve crossed the anodic scan or the current 
density was zero. The potential at which the current density was zero was identified as E’corr. The measurements 
were carried out with a Gamry Reference 600, Potenciostat/Galvanostat/ZRA. The polarization curves were 
performed at least by duplicate. 
2.4. Corrosion products characterization 
After the tests, the specimens were rinsed with water and dried with hot air. They were observed with a scanning 
electron microscope (SEM) to characterize the morphology of the eventual corrosion attack. In some cases, Energy-
dispersive X-ray spectroscopy (EDS) was used for the elemental analysis or chemical characterization of the sample 
surfaces. 
3. Results and discussion 
In all cases Ecorr reached a stationary value after 1h of immersion in the solutions.  Figures 1a and 1b show the 
Ecorr values as a function of the chloride concentration and the temperature, respectively. The experimental data as 
well as the fitting curves (according to equations 1 and 2) are shown in these figures. The potential range 
corresponding to the equilibrium H+ + e-Æ ½ H2 aW&Dnd a pH value of 6 is also shown. 
Ecorr = A1 + B1 . log [Cl-]       (1) 
Ecorr = A2 + B2 . T        (2) 
 
Fig. 1. (a) Corrosion potential in NaCl as a function of chloride concentration; (b) Corrosion potential in NaCl as a function of temperature. 
Ecorr decreased with the chloride concentration for all the tested temperatures (Fig. 1a). The values of Ecorr were 
close to those of the equilibrium H+/H2 DW & DOWKRXJK WKH WHVWV ZHUH SHUIRUPHG RYHU D ZLGHU UDQJH RI
temperatures. The fitting parameters of equation 1 are shown in Fig. 1a. Good correlations were obtained in all 
cases, and negative slopes varying between 61 and 84 mV/dec were found. This fact demonstrates that the variation 
of Ecorr with the chloride concentration is similar to that expected witK WKHS+YDOXHP9GHFDW& ,WZDV
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found that the pH values increased slightly with the chloride concentration. A pH value of 5.57 was measured in the 
0.01 mol/L NaCl solution; 5.79 in the 0.1 mol/L NaCl solution; and 6.05 in the 1 mol/L NaCl solution. Ecorr 
decreased with the temperature for all the tested chloride concentrations (Fig. 1b). The fitting parameters of equation 
2 are shown in Fig. 1b. Good correlations were obtained in general, except for [Cl-] = 0.01 mol/L. Negative slopes 
varying beWZHHQDQGP9&ZHUHIRXQG 
Figures 2a and 2b show the Ecorr values as a function of the sulfate concentration and the temperature, 
respectively. The experimental data as well as the fitting curves (according to equations 3 and 4) are shown in these 
figures. The potential range corresponding to the equilibrium H+ + e-Æ ½ H2 DW&DQGDS+YDOXHRILVDOVR
shown. 
Ecorr = A3 + B3 . log [SO42-]       (3) 
Ecorr = A4 + B4 . T        (4) 
 
Fig. 2. (a) Corrosion potential in Na2SO4 as a function of sulfate concentration; (b) Corrosion potential in Na2SO4 as a function of temperature. 
Ecorr increased slightly with the sulfate concentration at 30 °C and 60 °C, remaining almost constant at 90°C (Fig. 
2a). The values of Ecorr were over those of the equilibrium H+/H2 DW&7KHILWWLQJSDUDPHWHUVRIHTXDWLRQDUH
shown in Fig. 2a. Acceptable correlation was obtained, although not as good as in chloride solutions with slopes 
varying between -5 and 33 mV/dec. The pH was practically constant for the three concentrations, with values in the 
range of 5.64-5.7. Ecorr decreased with the temperature for all the tested sulfate concentrations (Fig. 2b). The fitting 
parameters of equation 4 are shown in Fig. 2b. Good correlations were obtained in general. Negative slopes varying 
EHWZHHQDQGP9&ZHUHIRXQG 
Figures 3a and 3b show the Ecorr values as a function of the bicarbonate concentration and the temperature, 
respectively. The experimental data as well as the fitting curves (according to equations 5 and 6) are shown in these 
figures. The potential range corresponding to the equilibrium H+ + e-Æ ½ H2DW&DQGDS+YDOXHRILVDOVR
shown. 
Ecorr = A5 + B5 . log [HCO3-]       (5) 
Ecorr = A6 + B6 . T        (6) 
 
Fig. 3. (a) Corrosion potential in NaHCO3 as a function of bicarbonate concentration; (b) Corrosion potential in NaHCO3 as a function of 
temperature. 
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Ecorr decreased slightly with the bicarbonate concentration for all the tested temperatures (Fig. 3a). The values of 
Ecorr were all over those of the equilibrium H+/H2 DW&7KHILWWLQJSDUDPHWHUVRIHTXDWLRQDUHVKRZQLQFig. 3a. 
Low correlations coefficients were obtained and negative slopes varying between 15 and 30 mV/dec were found. pH 
values measured for all concentrations were ranging between 7.4 and 8.4. Ecorr decreased with the temperature for all 
the tested bicarbonate concentrations (Fig. 3b). The fitting parameters of equation 6 are shown in Fig. 3b. Good 
FRUUHODWLRQVZHUHREWDLQHGDQGQHJDWLYHVORSHVYDU\LQJEHWZHHQDQGP9&ZHUH found.  
Finally, equation 7 was fitted to the experimental data according to Cragnolino et al. (2000). The results are 
shown in Fig. 4. Good correlation was obtained and the fitting parameters are shown in each figure.  
Ecorr = (Ai + Bi . T) . log [Ion-Concentration] + Ci . T + Di     (7) 
 
 
Fig. 4. Corrosion potential in NaCl as a function of temperature and (a) NaCl; (b) Na2SO4; (c) NaHCO3. 
In Figs. 4a, 4b and 4c, it can be observed that with variations in temperature, the influence on Ecorr was always 
meaningful. Chloride had a most meaningful influence on Ecorr than sulfate and bicarbonate. The influence of sulfate 
is more significant at lower temperature and bicarbonate has a slight influence at all temperatures. 
Figures 5a, 5b and 5c show representative polarization curves of Cu in 0.01 mol/L, 0.1 mol/L and 1 mol/L NaCl, 
respectively. A passive zone with relatively low current densities, a breakdown potential (Eb) and a repassivation 
potential (Er) were identified in all cases. Eb corresponds to the potential at which the current density increases 
abruptly. Er corresponds to the potential at which the curve in the cathodic direction crosses the anodic sweep, or the 
new E’corr if there is no crossing.  
The current densities increased significantly with the temperature and Eb decreased with the temperature. For 
each temperature, the extent of the passive zone decreased when increasing the chloride concentration. The current 
densities increased with the chloride concentration. In general, E’corr obtained at the end of the polarization test was 
lower or similar to the original Ecorr. 
 
 
Fig. 5. Polarization curves of Cu at different temperatures in (a) 0.01 mol/L NaCl solutions; (b) 0.1 mol/L NaCl solutions; (c) 1 mol/L NaCl 
solutions. 
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Figures 6a, 6b and 6c show representative polarization curves of Cu in 0.01 mol/L, 0.1 mol/L and 1 mol/L 
Na2SO4, respectively. It was possible to identify the same parameters than in the previous curves for NaCl. The 
current densities increased significantly with the temperature and the extent of the passive zone was larger. For each 
temperature, the current densities were constant when the sulfate concentration was changed. The appearance of a 
small peak was observed for 90 °C at -0.6 VSSE. 
 
 
Fig. 6. Polarization curves of Cu at different temperatures in (a) 0.01 mol/L Na2SO4solutions; (b) 0.1 mol/L Na2SO4solutions; (c) 1 mol/L 
Na2SO4solutions. 
Figures 7a, 7b and 7c show representative polarization curves of Cu in 0.001 mol/L, 0.01 mol/L and 0.1 mol/L 
NaHCO3, respectively. Several current peaks followed by passivations were observed, especially at higher 
concentrations of NaHCO3; while they were not present at the lower concentration. It was not possible to identify a 
breakdown potential and a repassivation potential in this different kind of curves. The current density increased with 
temperature. If these curves are observed for constant temperature, it can be noticed that when the bicarbonate 
concentration decreased, the effect of the temperature on the polarization behavior was less evident. 
 
 
Fig. 7. Polarization curves of Cu at different temperatures in (a) 0.001 mol/L NaHCO3 solutions; (b)  0.01 mol/L NaHCO3 solutions; (c) 0.1 
mol/L NaHCO3 solutions. 
In each polarization curve in NaCl and Na2SO4, a breakdown potential and a repassivation potential were 
identified, although in NaHCO3 it was not possible, as the curves extended hundreds of mV over the thermodynamic 
potential of evolution of O2 (0.074 to 0.157 VSSE). Figure 8a shows the Eb values as a function of the chloride 
concentration, at different temperatures. In general, Eb decreased with the chloride concentration according to the 
typical law Eb= A – B log [Cl-], although there is dispersion of the results. It should be noted that in some curves the 
current densities were high and it was difficult to identify accurately the Eb value because the passive zone was very 
small or even absent. When Eb values are observed at different chloride concentrations, it can be noticed that Eb 
decreased with the temperature. Figures 8b shows Eb as function of sulfate concentration, at different temperatures. 
An increase of Eb with temperature and a decrease with sulfate concentration were observed as reported by Galvele 
(1976). Again, Eb follows the typical law Eb= A – B log [SO4-]. 
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Figure 9a shows the Er values as a function of the chloride concentration, at different temperatures. Er is 
independent of temperature and close to -0.7 VESS. For all concentrations, Er varied slightly with temperature. Figure 
9b shows the Er values as a function of the sulfate concentration, at different temperatures. It was not possible to 
identify a clear behavior because Er increased at 30°C and decreased at 60 and 90°C for the increase of sulfate 
concentration. With the temperature, Er increased at 0.01 and 0.1 mol/L and did not show a tendency at 1 mol/L. 
 
 
Fig. 8. (a) Breakdown potential of Cu in NaCl solutions as a function of chloride concentration; (b) Breakdown potential of Cu in Na2SO4 
solutions as a function of chloride concentration. 
 
Fig. 9. (a) Repassivation potential of Cu in NaCl solutions as a function of chloride concentration; (b) Repassivation potential of Cu in Na2SO4 
solutions as a function of sulfate concentration. 
Figure 10a shows some SEM images of the specimens after the polarization curves in NaCl. In all cases it was 
observed that the attack followed the grinding marks. The corrosive attack increased with temperature, and the 
grinding marks almost disappeared at high temperatures. The attack also increased with the chloride concentration. 
The type of attack was not in the form of localized pits, but in the form of extended pitting. Microanalysis (using 
EDS) of the corrosion products present on the surface yielded the presence of 30wt% Cl and the rest was Cu.  
 
 
Fig. 10. Micrographs obtained of the corroded surfaces after the polarization tests in (a) NaCl; (b) Na2SO4; (c) NaHCO3. 
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Figure 10b shows the specimens surfaces after the polarization curves in Na2SO4. The corrosive attack was not 
increased by the increase in sulfate concentration, showing an uniform type of attack distributed along the grinding 
PDUNV ,Q VRPH VSHFLPHQV WHVWHG DW  DQG & WKH GHSRVLWLRQ of corrosion products of spherical shape was 
observed, which increased in size with the sulfate concentration. In general, pitting corrosion was not observed. The 
EDS results showed that the surface was compose of Cu with small fractions of oxygen from 0 to 25 at%. Figure 
10c shows some SEM images of the specimens after the polarization curves in NaHCO3. The morphologies varied 
for the different conditions. Small pits were observed in some cases of higher concentration of bicarbonate. In some 
cases, corrosion products were attached to surfaces especially in most diluted solutions, but in many other cases, the 
poorly adherent layers dissolved in the solution, which allowed the detection of pitting corrosion better than in other 
cases. The morphologies that were observed were similar to those of oxides or hydroxides of copper reported by 
Chen et al. (2009). The EDS results showed that the surface was Cu with fractions of oxygen from 0 to 65 at%.  
After studying the effects of different ions, the synergic detrimental and/or inhibiting effects they may have on 
copper must also be considered. To this purpose, solutions containing mixtures of the three species used in this work 
will be used in future investigations. 
4. Conclusions 
In chloride solutions, the corrosion potential of copper and the extent of the passive zone decreased when 
increasing the temperature and the chloride concentration. The anodic current density increased with the increase of 
temperature and chloride concentration. The breakdown potential of copper decreased significantly when increasing 
the chloride concentration, but decreased less markedly with the increase of temperature. The repassivation potential 
of copper did not show a clear dependence neither with temperature nor with chloride concentration. The corrosion 
products formed during the electrochemical tests were probably copper chlorides. 
In sulfate solutions, the current density did not show a significant variation with the sulfate concentration and 
increased with increasing temperature. The extent of the passive zone increased with increasing temperature. Pitting 
corrosion was not observed. In bicarbonate solutions, the current density significantly increased with increasing 
temperature, showing a slight increase with the concentration of the ion. The breakdown potentials increased with 
temperature and decreased with bicarbonate concentration.  Small pits were observed in certain conditions. 
In general, chloride and sulfate were detrimental for copper in the studied conditions while bicarbonate was 
beneficial. This fact highlights the importance of studding mixed systems to evaluate the synergistic effects of the 
different electrolytes. 
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